Epidemiologic studies have focused attention on the health effects of fine particulate air pollutants <2.5 pm iM diameter (PM2.5). To further characterize the potential effects of fine particles, we investigated the relationsip of air pollution to mortality in Mexico City during 1993-1995. The'eoncentration of PM25 was measured on a 24-hr integrated basis; concentrations of NO2 and ozone were measured hourly and reduced to 24-hr means. Daily mortality was determined from death registration records, and Poisson regression was used to model daily death counts as a function of air pollutant levels on the same and previous days, while controlling for temperature and periodic cycles. Without taking other air pollutants into account, a 10 pg/m3 increase in the level of PM2.5 was associated with a 1.4% increase in total mortality, both on the current day and 4 days after exposure [95% confidence interval (CI), 0.2-2.5]. An equivalent increase in PM2.5 was also associated with somewhat larger excesses ofdeaths among people over 65 years of age and from cardiovascular and respiratory causes, which occurred after a lag of 4 days. The mean concentration of ozone over a 2-day period was associated with a 1.8% increase in mortalityfrom cardiovascular diseases. NO2 was not consistently related to mortality. Fine particles had an independent efifct on mortality when modeled simultaneously with other pollutants, and the association of ozone with cardiovascular mortality was rengthened after adjusting for NO2 and PM25. These results support previous findings that urban air pollution at current levels leads to excess mortality and suggest that fine particles may play a causal role in producing that excess.
http://ehpnetl.niehs.nih.gov/dos/1998/106p849-855bora-abuo/abstr banml Epidemiologic time-series studies indicate that increased mortality is associated worldwide with high levels of particulate air pollution on the same day or the days immediately before. A review of 20 such studies for the EPA criteria document on particulate matter (1) indicated that, on average, allcause mortality increases 2.5-5% for each increment of 50 pg/m3 in the ambient concentration of thoracic particles (particulate matter <10 pm in aerodynamic diameter, or PM10). Epidemiologic findings have been remarkably consistent across studies, and similar estimates have been reported in independent meta-analyses by several authors (2) (3) (4) (5) . These observed increases in total mortality appear to be due in part to more strongly elevated risk among the elderly and for cardiovascular and respiratory disease mortality (2, 6) .
A key development in recent studies is the observation that the overall effects of thoracic particles may be largely attributable to the fine fraction less than 2.5 jim in aerodynamic diameter (PM2 5). Two large, prospective studies (7, 8) found associations between fine particles and mortality in selected cities in the United States. In a subsequent analysis, mortality increased 7.5% for each 50 pg/m3 of fine particles and was stronger than the effect of total thoracic particles or sulfates (9) . Nevertheless, the number of studies that have examined the link between fine particles and mortality is small, and all of them have been conducted in the United States, in cities with a relatively limited range of climatic and population characteristics.
To further examine the evidence that fine particulate air pollution is associated with excess mortality, we conducted an epidemiologic time-series study in the southwestern part of Mexico City, where we made daily air pollution measurements during the years 1993-1995. Mexico City is one of the world's most populous urban areas, with 18 million inhabitants, some 3 million motor vehicles, and over 4,000 industrial establishments sharing the metropolitan zone of the Valley of Mexico (JO).
Owing to its location at 19°N latitude and 2,200 m above sea level, Mexico City has a mild tropical climate with temperatures very rarely outside the range of 0-35°C. Since buildings are generally not heated, air pollution is primarily from automotive and industrial sources (10). Relative to other urban areas in North America and Europe, Mexico City has low levels of sulfur dioxide, levels of particles that can be moderately to very high, but vary by area of the city, and very high levels of ozone. In addition, the population is younger, with a lower crude death rate and a different epidemiological profile. Research in this setting can be particularly informative because of its differences from the sites of previous studies.
In a previous study in Mexico City, we observed a relative risk for total mortality of 1.06 per 100 pg/m3 total suspended particles, with no independent effect of ozone despite its high levels (11) . However, the ability to characterize the effect of particles was limited by the lack of information about finer size fractions and by the air monitoring scheme in use at that time, which provided particulate data only every sixth day. With daily measurements of the possibly more potent fine particles available for the current study, our hypothesis was that increasing levels of fine particles are associated with excess mortality, independent of ozone.
Methods
Study area. The research area was formed from six geopolitical subunits of the Federal District of Mexico (Delegaciones Alvaro Obreg6n, Benito Juarez, Coyoacan, Cuajimalpa, Magdalena Contreras, and Tlalpan) surrounding an air quality monitoring station that we operated at a school in the southwestern part of the city (12. This area has about 2.5 million inhabitants (about onethird the population of the Federal District) and is socioeconomically diverse, including both poor neighborhoods and some of the city's wealthiest areas. Historically, the southwest has tended to have the highest ozone concentrations in the city and lower levels of particulates than heavily industrialized areas in the northwest (10). log[E(1)] = X to be replaced by a smooth, nonlinear function of the predictor variables or a combination of linear and nonlinear predictors (13) . Because the form of the function governing the behavior of mortality over time is unknown, we developed nonparametrically smoothed functions of predictor variables empirically using standard smoothing algorithms. Other investigators have used similar models (14, 15) . For the models used in the analyses presented here, we used the LOESS smoother (16), but comparable results were achieved using other smoothing methods.
Mortality on successive days may be correlated because of the dependence of death rates on weather and other cyclical factors. To account for the potential effects of these serial correlations among observations, we multiplied the estimated variance of the regression coefficients by the square root of the overdispersion parameter (17) to adjust for extra-Poisson variation (16) . Stata software (Stata Corporation, College Station, TX) was used for data management and convential Poisson regression, and SPlus (Statistical Sciences Corporation, Seattle, WA) was used to fit generalized additive models.
As the first step in the model-building process, we developed a basic predictive model for daily mortality, without regard to air pollution. We examined relationships of time, temperature, humidity, and rainfall to mortality using a combination of graphical and regression methods. We considered smoothed functions of minimum, maximum, and mean temperature on the current day and lagged up to 6 days, 3-day moving averages of temperature with lags of 0-2 days, and an array of variables for humidity and rainfall.
In comparing regression models, we evaluated both goodness of fit and the magnitude of regression coefficients, giving the greatest weight to parameters with large coefficients in models that fit the data well. Goodness of fit was evaluated by Akaike's Information Criterion (AIC), a measure of model deviance (a conventional indicator of fit) (17) adjusted for the number ofparameters (13) .
Pollution variables were added after developing the basic mortality model. Fine particles were of primary interest, but we also considered NO2 and 03 as independent predictors and potential confounders. SO2 was not considered because the concentrations were comparable to those in the cities with the lowest levels, as reported in other studies (4, 7, (18) (19) (20) . Pollutant concentrations were entered as continuous variables scaled in micrograms per cubic meter for particles and parts per billion (ppb) for gases. To examine the temporal relation between pollution and mortality, we considered mean exposures in moving "windows" (21) of 1-5 days duration. For each pollutant, the window associated most strongly with each category of mortality was used in the final model.
Regression coefficients describing the relationship of mortality to pollutant levels were expressed as the percent change in mortality per 10 unit (micrograms per cubic meter or ppb) change in concentration for all pollutants. These increments were equivalent to 0.7 interquartile range (IQR) for fine particles, 2.4 IQR for SO2, 0.7 IQR for NO2, and 0.5 IQR for 03. Ninety-five percent confidence intervals (CIs) for the coefficients were estimated using the normal approximation.
Results
Descriptive analysis. On the average day, there were 32 deaths in the study area, including 18 among people .65 years of age, 3 from respiratory causes, and 9 from cardiovascular diseases ( Table 1) . Daily mean temperature and relative humidity had rather narrow ranges, with means of 16 .5°C and 51.6%, respectively ( Table 2 ). The mean concentration of fine particles was 27 pg/m3. Concentrations of NO2 and SO2 were moderate to low, with means of 37.7 and 5.6 ppm, respectively. In contrast, the level of 03 was high: the mean was 44.0 ppm and the 1-hr maximum concentration exceeded prevailing standards on the majority of days (Table 2) .
Current day levels of most pollutants were moderately to strongly correlated, with Pearson correlation coefficients ranging from 0.52 to 0.71 (Table 3 ). The correlation of ozone with other pollutants was diminished when lagged pollutant levels were used, while correlations between the remaining pollutants were essentially unchanged ( Table 3) . Regardless of the lag period, the strongest correlations were between fine particles and NO2 (Table 3) .
Mortality displayed a marked seasonal pattern peaking in January (Fig. 1A) . Temperature, relative humidity, and rainfall had an opposite pattern, with minimums early in the year and peaks in June or July (Fig. 1B-D) . The seasonality of rainfall was particularly pronounced, with the majority occurring between June and October (Fig. 1D) . Like mortality, particulate pollutant levels peaked early in the year, then declined during the rainy season (Fig. 1E) . Seasonal patterns were similar for NO2 and SO2 (Fig. 1F-G) , but notably less distinct for ozone (Fig. 1H) .
Mortality model. Of the array of weather variables that we considered in the initial phase of model building, smoothed functions of minimum temperature lagged 2 days, mean temperature lagged 1 day, and the average temperature during the 3 days before death were the strongest predictors of mortality, indicating a linear 0.20-0.27% decrease in mortality per degree Celsius. Relative humidity and rainfall were also associated with mortality when considered in conventional multivariable Poisson regression models. However, three-dimensional plots suggested that these variables were strongly related to temperature. When all three variables were assessed simultaneously, temperature was associated most strongly with mortality, and its effect was the same regardless of whether humidity or rainfall was in the model. Smoothed threedimensional surfaces combining temperature and humidity gave analogous results. We also evaluated short-term time effects by adding indicator variables for day of the week to the Poisson regression model, but they had no appreciable effect.
The best compromise between model fit and number of parameters was achieved with a model containing nonparametrically smoothed terms for time and the mean temperature during the 3 days before death. A similar model with only the time term fit nearly as well, but the quality of fit diminished in models containing only variables for temperature on the same day, or up to 3 days previously. Adding relative humidity to the model with smoothed time and temperature did little to improve fit, and the fit actually deteriorated when an indicator variable for season was added. As a result, we adopted the model containing smoothed terms for time and the mean temperature during the 3 days before death as the basic model for futher analyses.
Fine particles. A 10 pg/m3 increase in fine particles was associated with 1.3% increase in total mortality on the same day (CI, 0.2-2.5) and a 1.4% increase after a lag of 4 days (CI, 0.2-2.5), but no excess mortality was associated with fine particles on intervening days (Table 4) . When multiple-day exposure windows were examined, total mortality was associated most strongly with the mean exposure of the previous 5 days (1.5% change per 10 pg/m3). However, precision was reduced relative to single-day windows (Table 4) , so we used the daily mean concentration 4 days previously as the index of exposure to fine particles in subsequent analyses.
Fine partides 4 days previously were associated with a 1.6% increase in deaths among people over 65 years of age (CI, 0.0-3.1). Similar patterns were observed for respiratory mortality, with a 2.5% increase in deaths associated only with fine particles 4 days previously, and also for cardiovascular diseases, with a 2.2% increase in deaths associated with fine particles 4 days earlier (Table 5 ).
Other air pollutants. A 10 ppb increment in the level of ozone was associated with <1% change in total mortality for all exposure windows (data not shown). Of the windows examined, the mean concentration of ozone in the 1-2 day period was the best predictor of mortality. With this indicator, cardiovascular disease deaths increased 1.8% per 10 ppb (CI, 0.1-3.5), while the changes for other categories of mortality were < 1% (Table 5) .
For NO2, the mean concentration during the previous 1-5 days was associated most strongly with mortality. A 10 pg/m3 change in NO2 during this period was associated with roughly 1% changes in total mortality and cardiovascular mortality and a 2% change in respiratory mortality ( Table 5 ). The precision of these estimates was relatively poor, however (Table 5) .
Multiple air pollutants. To evaluate the evidence for independent effects of the three pollutants, we fit models simultaneously containing variables for fine particles, 03 and NO2 in combinations of two and three. The two-pollutant model including fine particles and ozone yielded essentially the same results as one-pollutant models for the same constituents, with 1-2% increases in total, elderly, respiratory, and cardiovascular mortality for a 10-unit increase in partides, and a 2% increase in cardiovascular mortality for ozone ( Table 5 Rising levels of ozone were associated with rising mortality from cardiovascular diseases, which increased about 3% per 10 ppb of ozone. Ozone was not associated with other causes of death, however.
The association of fine particles and mortality was bimodal in time, with an acute increase in mortality on high pollution days, followed by a second peak 4 days later. This phenomenon is consistent with both a "harvesting" of highly susceptible persons on the day of exposure to high pollution levels and a lagged increase in mortality due to delayed effects of reduction of pulmonary defenses, cardiovascular complications, or other homeostatic changes among less-compromised individuals.
These findings are based on a statistical model for mortality that controlled periodic variations in death rates with a small number of parameters based on known relationships between weather and mortality. Poisson regression models fit the data well, with overdispersion parameters typically in the range of 1.10-1.12. As in a previous study in Mexico City (11, 22) , temperature was the strongest weather-related predictor of mortality, and the death rate increased with low temperatures, but not with high ones. Daily mean temperatures in Mexico City fall into a relatively narrow range, with the highest mean daily temperatures observed during the study period substantially lower than those seen in such cities as Philadelphia, Pennsylvania, and Los Angeles, California (15, 23) . Consequently, we did not observe the ascending limb of the well-known "j"-shaped curve that describes the relationship of temperature and mortality in temperate areas (24) . It is also noteworthy that despite Mexico City's reputation for polluted air, in the study area only the level of ozone was remarkably high by current standards. The mean concentration of fine particles in the study area was similar to that reported in Steubenville, Ohio (7). While comparable to those of the dirtier cities in recent studies in the United States (7, 8) , the study area's particle concentrations were substantially lower than the levels observed in contemporary studies of Santiago, Chile, and Sao Paulo, Brazil (25, 26) , and far lower than those that existed historically in industrial cities like London (4) .
These findings from Mexico City provide further evidence that fine particles are associated with total mortality and with mortality among the elderly. In addition, they are consistent with our expectation, based on a previous study with less complete information on exposure to total suspended particles (11) , that increases in total mortality would be associated with increasing particulate pollution, but not with increasing ozone. Despite the substantial differences in environmental, population, and epidemiological characteristics between Mexico City and other areas where the health effects of fine particles have been studied, our results for total mortality are virtually identical to the 1.5% per 10 pg/m3 increase in fine particles reported in analyses of data from the Six Cities Study in the United States (9). Our study differs from previous research of the relationship of fine particles and mortality in the United States (7-9), however, in that we employed a time-series approach rather than a standard cohort design.
While it is plausible that ambient ozone might affect mortality, research on this topic has been limited in comparison to the abundant information available on the effects of particulate matter on mortality. Recent studies from the United States (15, 27) , Europe (28) (29) (30) (31) , and Australia (32) have found positive associations with same-day ozone and ozone lagged 2 days, with relative risks from 1.05 to 1.07 per 100 pg/m3. Most of these reports evaluated the effect of ozone controlling for other pollutants such as black smoke or PMIO (15, (28) (29) (30) (31) , but none of them assessed the effect of ozone independent of fine particles. Contrasting results were reported by Kinney and Ozkaynak (20) , who noted an initial, positive association of total mortality with ozone levels in long-term studies of ozone and mortality in Los Angeles and New York, which was eliminated when a term for particles was added to regression models in subsequent analyses of the data from Los Angeles (23) .
Our finding in this study that ozone was a significant predictor for cardiovascular mortality but not for mortality due to respiratory causes is similar to the metaanalysis of the APHEA project (28) (22) .
Due to the design of this study, we could not draw any conclusions about whether individuals dying on high pollution days had high personal exposure to pollutants or identify mechanisms by which air pollution might cause death. We had no information about individual exposure or medical status. In addition, we studied only short-term relationships between mortality and pollution on a daily basis and could not observe the long-term effects of exposure to air pollution. Nevertheless, the study's aggregate time-series design conferred several advantages. The need to control for external predictors of mortality such as age, cigarette smoking, and occupational exposure is greatly reduced in a time-series study because the distribution of these factors is not expected to vary from day to day.
In this study, we used data from stationary pollutant monitors rather than personal exposure measurements. Stationary monitoring data are inherently relevant because efforts to control the adverse effects of air pollution usually depend upon observation and control of ambient, rather than personal, exposure. Nevertheless, potential discrepancies between personal exposures and ambient pollutant levels measured at stationary monitors are often a concern in studies of this type. The magnitude of such measurement error depends largely on the extent to which stationary monitors reflect pollutant levels throughout the study area, and on differences between outdoor and indoor exposures. Previous studies suggest that fine particle concentrations are relatively uniform within urban areas and that indoor and outdoor levels are highly correlated (33, 34) . In addition, indoor heating, air conditioning, and air filtration are rare in Mexico City, and its residents spend more time outdoors than city dwellers in the United States (35) (36) (37) . In light of these factors, differences between area and personal exposures to fine particles are likely to be relatively minor. Moreover, because all deaths on any given day are grouped and assigned a common exposure value, the exposure measurement error is essentially of the Berkson type, which does not bias observed exposure-response relationships if it is nondifferential with respect to disease occurrence (38).
Despite some limitations in the data and the design of the study, our findings are relevant for public health and air pollution control. They suggest that urban air pollution at current levels leads to excess mortality and that these effects are present in large cities in developing countries as well as in Europe and North America. Fine particles may themselves cause death, or they may be a marker for some combination of air pollutants that leads to excess mortality.
